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Introduction
Not all heavy drinkers develop alcohol use disorder, despite having similar alcohol use patterns. Identifying brain-behavior patterns that differentiate heavy drinkers who develop alcohol use disorder from those who do not will provide valuable information about the individual differences associated with this disorder, thereby informing treatment efforts. A common approach used to characterize brain-behavior abnormalities associated with mental health problems like alcohol use disorder is to compare individuals with a particular condition to controls using experimental tasks designed to measure specific neural processes and associated behavioral output within a neuroimaging environment. In this way, challenging brain activity and behavior during task performance can uncover deficiencies and/or compensatory mechanisms. In particular, the cognitive control of behavior and interconnected processes such as working memory have been a research focus due to their essential roles in normal psychosocial functioning. For example, studies using working memory tasks and neuroimaging techniques have demonstrated working memory deficits are linked to altered brain activity in various mental health disorders including, but not limited to, schizophrenia (Jansma et al., 2004) , pathological dissociation (Elzinga et al., 2007) and bipolar disorder (Cremaschi et al., 2013) .
Abnormal working memory has also been identified as a critical concern in substance use disorders, having been demonstrated in individuals dependent on alcohol (Pitel et al., 2007) and various other classes of drugs including opioids (Vo et al., 2014) , cannabis (Vo et al., 2014) , cocaine (Albein-Urios et al., 2012) and methamphetamine (Duarte et al., 2012) . That working memory deficits are found across problematic users of alcohol and other drugs is perhaps not surprising considering that impaired control over the use of these substances is a characteristic of substance use disorders and this behavioral control relies, in part, on working memory (Hofmann et al., 2008) . More specifically, control over the decision to use alcohol and other drugs requires working memory to integrate information related to previous consequences of substance use and current contingencies surrounding the decision to use (Weber and Johnson, 2009) . Reduced working memory capacity in these individuals might be more easily overloaded during the evaluation of this information, resulting in impulsive, maladaptive substance use decisions in the present and for the future . Indeed, several theories of impulsivity as a factor in drug abuse and in externalizing disorders, such as ADHD, posit a bi-directional relationship between working memory and inhibitory control (Barkley, 1997; Fillmore, 2003; Finn, 2002) . Consistent with this idea, studies have shown that low working memory ability is associated with greater trait impulsivity (e.g., Gunn and Finn, 2013) . Experimental manipulation of working memory load has revealed that increasing load to a capacity limit increases impulsive performance on a decision-making task (Hinson et al., 2003) . Also, research on the acute effects of alcohol on inhibitory control showed that the disinhibiting effects of the drug are, in part, due to the alcohol-induced reductions in information processing capacity (Fillmore and Van Selst, 2002) . Taken together, these lines of evidence provide corroborating evidence for the important link between working memory and undercontrolled behavior.
A substantial amount of clinical research has characterized the neurocircuitry underlying cognitive control and working memory, as well as the network-level changes that occur as these processes are engaged. A recent meta-analysis (Niendam et al., 2012) of 193 functional magnetic resonance imaging (fMRI) studies indicated that the primary brain regions involved in the cognitive control of behavior, including prefrontal cortex regions, such as the dorsal lateral prefrontal cortex (DLPFC) and the anterior cingulate cortex (ACC), as well as the superior and inferior parietal cortices (sPar), precuneus and precentral gyrus. In general, these areas are part of an integrated dorsal processing stream involved in overlapping cognitive functions that is engaged in response to external demand. For example, engagement of the DLPFC, superior parietal cortices, ACC, striatum, thalamus and insula has been detected by fMRI during working memory tasks, in line with the performance requirements of those tasks, such as match mismatch detection and response inhibition (reviewed in Wilcox et al., 2014) . By contrast, when external demand is not present and the brain is considered to be in the default mode of functioning, activity is greater in brain areas such as the ventral medial prefrontal cortex (vmPFC) and posterior cingulate cortex (PCC) (Raichle and Snyder, 2007; Wang and Li, 2013) . As external demand is imposed, activity typically decreases in the default-mode network and increases in cognitive control networks, consistent with the heuristics of a free energy framework for biological systems (Friston, 2009 (Friston, , 2010 Friston et al., 2006) . Altered brain activity has been demonstrated using fMRI during the performance of working memory tasks in individuals with substance use disorders. By way of introduction to the present study, the following overview focuses on research in adults with alcohol use disorder that used N-Back type tasks, which are well-established working memory tasks that have been adapted for use in a neuroimaging environment. While performing a 2-Back spatial working memory task, individuals with alcohol use disorder displayed reduced bilateral DLPFC activation compared to control participants when performing the task at equivalent level (Pfefferbaum et al., 2001) . In another study (Tapert et al., 2001) , emerging adult (i.e., 18-25 years old) women with alcohol use disorder and matched controls completed a task in which they were instructed to respond when an abstract line drawing appeared in a location that had been previously occupied. Participants with alcohol use disorder were less accurate on the task and had less activity in the right superior and inferior parietal, right middle frontal, right postcentral and left superior frontal cortex compared to controls. In a study that used a non-spatial 2-Back task, reduced activity was observed in the bilateral frontal and pre-central cortex and left superior temporal and parietal cortices of individuals with alcohol use disorder compared to social drinkers (Park et al., 2011) . Importantly, these impairments in working memory performance and altered activity in associated brain areas appear to be clinically significant. For example, individuals with alcohol use disorder who exhibited greater bilateral rostral and ventral lateral, prefrontal cortex activity given equivalent performance of a 2-Back task were more likely to remain abstinent through a 7 month posttreatment period (Charlet et al., 2014) .
A limitation of prior studies that have evaluated working memory performance and associated brain activity in individuals with alcohol use disorder is that a control group with similar alcohol use history has not been included to differentiate between alcohol exposure and problematic behaviors. Furthermore, those studies have not considered dynamic changes in brain activity and/or recruitment of other regions as a step-wise function of neurophysiological demand. Understanding how brain function changes in response to increasing task demand, however, could provide new insights into the neural resources (or lack thereof) available to meet the external constraints placed on the cognitive control processes needed for successful abstinence and/or recovery. The present study sought to extend previous work by comparing working memory performance and associated brain activity in individuals who met criteria for alcohol use disorder (heavy drinkers who were dependent; A-D) to a group with a comparable alcohol use history (heavy drinkers who were nondependent; A-ND), as well as a group of individuals who reported non-problematic alcohol use (CTRL). Further, this study included zero-(0-Back), low-(1-Back) and high-(2-Back) working memory load conditions. In addition to typical analyses examining brain activity during low (0-Back vs. 1-Back) and high (0-Back vs. 2-Back) working memory load conditions, the current study used a step-wise transitional approach to determine the concurrent increases and decreases in brain activity associated with transitioning to neurophysiological states with low (1-Back > 0-Back and 1-Back < 0-Back) and high (2-Back > 1-Back and 2-Back < 1-Back) external demand on neurophysiological resources. In this way, we sought to identify potential differences in the neurophysiological capacity associated with a critical cognitive process in individuals who vary in their alcohol use history and expression of problem drinking behaviors. To the extent that neurobehavioral impairments are associated with alcohol dependence and not just heavy alcohol consumption, we predicted reduced performance and brain activity in heavy drinkers who were dependent relative to the nondependent heavy drinkers.
Methods

Participants
The Wake Forest School of Medicine Institutional Review Board approved the study protocol. Potential participants responded to local media advertisements by phone and an initial screen was performed to determine study eligibility. Individuals reporting illicit drug use, diseases of the central nervous system, head trauma, current use of psychotropic medications, or any condition that prohibited entry into an MRI scanner were ineligible. Individuals who passed this initial screening were invited to the laboratory for additional screening and were asked to abstain from alcohol use for a minimum of twelve hours prior to their visit.
Once arriving at the laboratory, expired air samples were tested for alcohol (Intoxilyzer SD-5; CMI Inc., Owensboro, KY) and urine samples were tested for illicit drugs (Multipanel Urine Screen; Innovacon, Inc, San Diego, CA) and pregnancy (QuickVue urine HCG test; Quidel Inc, San Diego, CA). Individuals who tested positive for alcohol, other drugs (i.e., marijuana, cocaine, amphetamines, opiates and benzodiazepines) or pregnancy were excluded from participation. To evaluate alcohol use history, psychiatric conditions, and intelligence, potential participants completed the Alcohol Use Disorders Identification Test (AUDIT) (Babor et al., 2001) , the Structured Clinical Interview for DSM-IV Disorders (SCID) (First et al., 2002) and the Wechsler Abbreviated Scale for Intelligence (WASI) (Wechsler, 1999) , respectively. Consistent with previous methods (Wesley et al., 2011; Wesley et al., 2016) , individuals with current Axis I disorders (excluding alcohol use disorder) or an IQ of less than 80 were excluded from further participation.
Three experimental groups were established based on AUDIT and SCID evaluations. Individuals who scored 4 or less on the AUDIT, indicating a history of minimal alcohol consumption and no alcohol related problems, were considered a control group for heavy drinkers (CTRL; n=11). Individuals who scored 8 or more indicating a history of considerable alcohol consumption and alcohol related problems were operationally defined as heavy drinkers (n=23). Heavy drinkers were further divided into individuals who did and did not meet criteria for alcohol dependence based on previously established SCID criteria (Conigrave et al., 1995) and received additional questions about their alcohol use patterns. Individuals who did not meet criteria for current alcohol dependence (i.e., two or less criteria) were placed in the heavy-drinking alcohol nondependent group (A-ND; n=11), whereas those who met criteria for current alcohol dependence (i.e., three or more criteria) were placed in the heavy-drinking alcohol dependent group (A-D; n=12). Worth noting is that the criteria used to define alcohol dependence under the DSM-IV overlap to a large extent with those used to define alcohol use disorder (AUD) under the current DSM-V, and likewise, the characterization of alcohol dependence and severity of AUD relates to the number of criteria met. Therefore, heavy-drinking subjects in the present study would likely have been separated into two distinct groups under the DSM-V as well (e.g., no/mild AUD vs. moderate/severe AUD). Once assigned to an experimental group, individuals were scheduled for a second laboratory visit. They were informed that during the second visit they would perform a working memory task while inside an MRI machine and were once again asked to abstain from alcohol for at least twelve hours prior to their scheduled visit.
Procedure
On the day of scanning, participants arrived at the laboratory approximately 2 hours prior to entering the MRI scanner. Expired air and urine samples were collected again and test for alcohol, illicit drugs and pregnancy. No participants were excluded from participation based on these screening tests. To assess anxiety levels at the time of scanning, participants completed the Spielberger State-Trait Anxiety Scale (STAI) (Spielberger et al., 1983) . Participants were also asked about and monitored for signs of alcohol withdrawal. Withdrawal signs and symptoms were assessed by self-report at intake and monitored during the session by a trained laboratory technician. Participants were asked if they had experienced unusual tremors, anxiety, nausea, headaches, sweating, irritability, confusion, insomnia, nightmares or high blood pressure in the past twenty-four hours. No participants reported abnormal levels of any of these symptoms, and did not differ from controls on a measure of state anxiety at the time of testing (see Table 1 ). Next, participants completed components of the CANTAB neuropsychological battery (Cambridge Cognition, Cambridge, UK), including Delayed Match to Sample (DMS; visual working memory assessment), Intradimensional/Extradimensional Shift (ID/ED; cognitive flexibility assessment) and Stockings of Cambridge (SOC; a spatial planning assessment).
Approximately 30 min prior to entering the scanner, participants were familiarized with the N-Back task on a laptop computer and the response apparatus to be used in the scanner. Task instructions were read aloud by a study technician and each participant practiced the N-Back task. Once participants were familiar with the task, they were given a 15 min break before entering the scanner. During this time, tobacco cigarette smokers were allowed to smoke one cigarette to minimize potential nicotine withdrawal effects during data collection (Wang et al., 2007; Xu et al., 2007) . No members of the CTRL group, one member of the A-ND and one member of the A-D group took advantage of the opportunity to smoke a cigarette before the neuroimaging scanning session. Given the small number of individuals per group who chose to smoke a cigarette, these data were not included as a covariate in analyses. The average number of self-reported cigarettes smoked by group members, less than a standard pack of 20 cigarettes in each group (see Table 1 ), was included as nuisance variables in all analyses.
N-Back task
The N-back task used in the current study was a visual-based letter variant with three conditions (0-Back, 1-Back and 2-Back) (Callicott et al., 1999) . During each condition, participants viewed a sequence of randomized white letters presented one at a time on a black background (i.e., B, G, P, T, V and X). Each time a letter appeared, participants pressed one of two buttons on a response box positioned under their right hand. For the 0-Back condition, participants were instructed to press button 1 (i.e., match response) with their index finger each time the letter "X" appeared on the screen and to press button 2 (i.e., mismatch response) with their middle finger each time a different letter appeared. As such, the 0-Back condition required attention and a behavioral response, but did not engage working memory. During the 1-Back condition, participants made a match response if the letter currently displayed on the screen was identical to letter shown 1 presentation previously (e.g., viewing sequence: B, G, T, T, G, T, G, G; correct responses: _, 2, 2, 1, 2, 2, 2, 1). For the 2-Back condition, participants made a match response if the letter currently displayed on the screen was identical to the letter shown 2 presentations previously (e.g., viewing sequence: B, G, T, T, G, T, G, G; correct responses: _, _, 2, 2, 2, 1, 1, 2). The 1-Back and 2-Back conditions therefore represent low-and high-working memory load, respectively. Figure 1A illustrates the relationship between N-Back conditions and the theoretical demand placed on neurophysiological resources during task performance. The N-Back task was presented to the participants via MRI compatible goggles (Resonance Technology Inc., Los Angeles, CA). Each participant completed two "runs" of the N-Back task in the MRI scanner and each run contained two "blocks" of each of the three N-Back task conditions (0-Back, 1-Back and 2-Back). N-Back task blocks were randomized within each run and each block started with a 5 s instruction screen indicating the condition about to be performed followed by a 5 s countdown. At the end of the countdown, a sequence of 12 letters was presented one at a time for 500 ms and button presses were recorded for each letter presentation. The inter-stimulus interval between each letter presentation was 2000 ms, such that each block lasted a total of 40 s. Each block was separated by a 12 s interval, so that the total task time lasted approximately 20 min.
fMRI data acquisition
Images were acquired on a 1.5T General Electric scanner with a birdcage-type standard quadrature head coil and an advanced nuclear magnetic resonance echoplanar system. The head was positioned along the canthomeatal line. Foam padding was used to limit head motion. Higher-resolution T1-weighted anatomical images (3D SPGR, relaxation time (TR) = 14 ms, excitation time (TE) = 7700 ms, flip angle = 25°, voxel dimensions 1.0×1.0×1.0 mm, 176×256 voxels, 160 slices) were acquired for co-registration and normalization of functional images. A total of 200 co-planar functional images were acquired during each run of the N-Back task using a gradient echoplanar sequence (TR = 2100 ms, TE = 40 ms, flip angle = 90°, voxel dimensions 3.75×3.75×5.0 mm). Two radio frequency excitations were performed prior to image acquisition to achieve steady-state transverse relaxation. The scanning planes were oriented parallel to the anterior commissure-posterior commissure line and extended from the superior extent of motor cortex to the base of the cerebellum. Nine volumes of data were acquired during the 20 s countdown period before each run and immediately discarded to allow for equilibrium before task onset.
Statistical analyses: Demographics and Behavior
One-way analyses of variance (ANOVAs) were used to compare the three experimental groups on AUDIT scores, age, IQ and cigarette use. Chi-square tests were used to compare groups on sex and race/ethnicity-related nonparametric variables. Independent samples ttests were used to compare A-ND and A-D groups on alcohol drinking-related variables. One-way ANCOVAs with nicotine use (cigarettes per day) as a covariate were used to compare groups on CANTAB tasks (DMS percent correct, ID/ED total errors and SOC number of problems solved in minimum moves) and N-Back reaction times.
Two approaches were used to analyze behavioral accuracy on the N-Back task. For the first approach, which was consistent with typical N-Back accuracy analyses, a percentage based accuracy score was calculated for every participant for each N-Back condition. Accuracy was calculated as: Accuracy = [(hits − hits possible)/(false alarms − false alarms possible) × 100]. A3 × 3 mixed model ANCOVA, with cigarettes per day as a covariate, was performed with N-Back condition as the within group factor (i.e., 0-Back, 1-Back and 2-Back) and experimental group as the between group factor (i.e., CTRL, A-ND and A-D). When Mauchly's Test of Sphericity was significant (e.g., within group variability differed across N-Back conditions), degrees of freedom were adjusted using the Greenhouse-Geisser correction. To test for group differences within each N-Back condition, one-way ANCOVAs for independent samples (i.e., CTRL, A-ND and A-D) were conducted for each N-Back condition. Bonferonni tests were utilized for all post-hoc comparisons.
The second approach examined how behavioral accuracy changed in response to step-wise increases in neurophysiological demand. Accuracy change scores were calculated for 0-Back to 1-Back and 1-Back to 2-Back. The difference in accuracy between 1-Back and 0-Back was defined as a Low Demand transition and the difference in accuracy between 2-Back and 1-Back was defined as a High Demand transition. A 2×3 mixed model ANCOVA, with cigarettes per day as a nuisance variable, was performed with demand level as the within group factor (i.e., Low Demand and High Demand) and experimental group as the between group factor (i.e., CTRL, A-ND and A-D). When Mauchly's Test of Sphericity was significant, degrees of freedom were adjusted using the Greenhouse-Geisser correction. To test for group differences at each demand level, one-way ANCOVAs for independent samples (i.e., CTRL, A-ND and A-D) were conducted at each demand level. Bonferonni tests were used for post-hoc multiple comparisons analyses. Behavioral analyses were conducted using the Statistical Package for the Social Sciences (SPSS; version 22.0) with minimum statistical significance thresholds set at p < 0.05.
Statistical analysis: fMRI preprocessing and data analysis
As described previously (Wesley et al., 2011) , each participant's neuroimaging data were preprocessed using standard techniques. Functional volumes were corrected for slice acquisition time (i.e., slice timing correction) and realigned to the first volume acquired (i.e., motion correction). Each participant's structural volume then functional volumes were warped into standardized neuroanatomical space (Montreal Neurological Institute). Next, functional volumes were smoothed using a Gaussian 8 mm kernel and high-pass filtered (128s) to remove low frequency noise.
For each participant, a first-level fixed effects analysis was performed to isolate brain activity associated with each N-Back block type (i.e., 0-Back, 1-Back and 2-Back). Each block type was entered as an explanatory variable in a general linear model. Head movement parameters obtained from motion correction were entered as explanatory nuisance variables. Blood oxygen-level dependent (BOLD) signals associated with explanatory variables were convolved with a hemodynamic response function and statistical contrast maps were generated that reflected activity during each N-Back condition. These contrast maps were then carried forward into second-level within and between group random effects analyses.
Two analytical approaches were used to examine within and between group brain activity during the N-Back task. Figure 1B illustrates (1) typical and (2) step-wise analytical approaches and their relationship to N-Back conditions and the demand placed on neurophysiological resources. The typical approach focused on brain activity at low and high working memory load by comparing each load condition to the control condition (i.e., 1-Back vs. 0-Back; 2-Back vs. 0-Back). The step-wise approach focused on brain activity associated with increasing neurophysiological demand. Low Demand activity was calculated by also contrasting maps of 0-Back versus 1-Back (i.e., increased activity = 1-Back > 0-Back; decreased activity = 1-Back < 0-Back) whereas High Demand was unique in that activity was calculated by contrasting activity maps of 1-Back versus 2-Back (i.e., increased activity = 2-Back > 1-Back; decreased activity = 2-Back < 1-Back). Note that the analysis of brain activity during the low working memory load condition is identical to the step-wise Wesley et al. Page 8 Drug Alcohol Depend. Author manuscript; available in PMC 2018 June 01.
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Low Demand transition (i.e., 0-Back vs. 1-Back), so the results from this analysis are only presented once.
Within group analyses utilized one-sample t-tests with voxel-wise probability thresholds set to p<0.001 and spatial cluster extents set to 25 contiguous voxels. Between group analyses utilized independent samples t-tests with voxel-wise probability thresholds set to p<0.01 and spatial cluster extents set to 25 contiguous voxels. Multiple comparison correction was performed using small volume family-wise error correction (FEW, p<0.05). Number of cigarettes per day was included as a variable of no interest in all second-level models. Data preprocessing and analyses were performed with custom MATLAB 7.0 (Mathworks, Natick, MA) scripts and standard statistical parametric mapping (SPM5; Wellcome Department of Cognitive Neurology, London, UK; (Ashburner and Friston, 2005) ).
Results
Grouping, demographic, alcohol-and other cognition-related variables are shown in Table 1 .
Group Assignment
Consistent with group assignments the AUDIT score was significantly greater in A-D, compared A-ND and CTRL. Additionally, A-D had significantly greater alcohol dependence symptoms, compared to A-ND, but these groups did not differ in other drinking-related variables, including age of first drink, drinks per week, length of current drinking pattern and time since last drink.
Demographics and Other Variables
Groups did not differ in age, IQ, sex or race/ethnicity. Groups also did not differ in state or trait anxiety at the time of data collection. A-D smoked significantly more cigarettes per day than CTRL; therefore, the number of cigarettes smoked per day was added as a nuisance variable in behavioral and neuroimaging analyses. CANTAB task performance and N-Back reaction times are also reported in Table 1 . CANTAB performance did not differ between groups on the ID/ED task (a measure of cognitive flexibility) or the SOC task (a measure of spatial planning). Groups did differ, however, on the DMS task (a measure of visual working memory; F2,32=4.5, p<0.02), with a significantly lower percentage of correct responses in A-D compared to A-ND. Groups did not differ in N-Back reaction times.
N-Back Performance Accuracy
Accuracy scores for each N-Back condition are shown in Figure 2A . 
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Brain Activity During High Working Memory Load
A typical analysis of brain activity during the low working memory load condition (0-Back vs. 1-Back) is identical to the step-wise Low Demand transition, so the results from this analysis are only presented once, in a subsequent section. Typical analysis of within group brain activity during the high working memory load condition of the N-Back task (0-Back vs. 2-Back) revealed similar general patterns of increased (2-Back > 0-Back) and decreased (2-Back < 0-Back) activity in all groups ( Figure S1 ). Each group displayed increased activity in bilateral dorsal lateral prefrontal cortex (DLPFC), superior parietal cortex (sPar) and dorsal medial prefrontal cortex (dmPFC) during 2-Back, compared to 0-Back. Decreased activity was observed in the ventral medial prefrontal cortex (vmPFC) in A-D and A-ND, and all groups showed decreased activity in the posterior cingulate cortex (PCC) during 2-Back, compared 0-Back. Between groups comparisons revealed that AD had significantly greater activity in bilateral DLPFC and vmPFC, compared to CTRL, during 2-Back relative to 0-Back ( Figure 2B ).
Accuracy and Brain Activity Associated with Transition to Low Demand
Behavior and brain activity associated with the transition to Low Demand (0-Back to 1-Back) is shown in Figure 3 . Groups did not differ in accuracy change scores associated with the transition to Low Demand ( Figure 3A ; F2, 35=2.6, p<0.09). The mean (±S.E.)
differences in percentage accuracy scores between 0-Back and 1-Back in CTRL, A-ND and A-D were -0.06(.02), 0.02(.02) and 0.01(.03), respectively. Within group analyses of the transition to Low Demand, however, revealed some general similarities and differences in activity patterns within the groups ( Figure 3B ; Table 2A ). CTRL displayed decreased activity in the posterior cingulate cortex (PCC; cluster size: kE=248) and increased activity in the superior parietal cortex (sPar). By comparison, similar activity patterns were observed in heavy drinkers but were larger in number, magnitude and spatial extent. For example, decreased activity in the PCC of A-ND and A-D occurred in clusters sized kE=5155 and kE=4588, respectively. Decreased activity was also observed in the medial prefrontal cortex (mPFC) within A-ND and A-D, but not CTRL. Lastly, increased activity was observed in bilateral DLPFC within A-ND and A-D, but not CTRL. Suprathreshold clusters did not survive between group testing criteria (Table 2B ).
Accuracy and Brain Activity Associated with Transition to High Demand
Behavior and brain activity associated with the transition from Low Demand to High Demand (1-Back to 2-Back) is shown in Figure 4 . Groups significantly differed in accuracy change scores associated with the transition from Low Demand to High Demand ( Figure  4A ; F2,35=4.59, p<0.02). Post hoc analysis revealed that the percentage accuracy difference between 1-Back and 2-Back was significantly decreased in A-D (−0.28±.05), relative to CTRL (− 0.10±.03). The percentage accuracy difference in A-ND (−0.16±.06) fell between that of CTRL and A-D and did not significantly differ from either group.
Within group brain activity associated with the transition from Low Demand to High Demand is displayed in Figure 4B and Table 3A . Increased activity was observed in CTRL in the dorsal medial prefrontal cortex (dmPFC), precuneus (prCun), bilateral sPar and the right DLPFC. Decreased activity was observed in the ventral medial prefrontal cortex 
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Author Manuscript (vmPFC) of CTRL. Note that the mPFC effects observed in CTRL are more ventral than those observed in A-D during the transition to Low Demand (0-Back vs. 1-Back). A-ND did not show additional decreased activity during the transition to High Demand, but displayed large clusters of increased activity in the dmPFC, prCun, bilateral sPar and bilateral DLPFC. A-D displayed minimal increased activity in bilateral sPar, dmPFC and right DLPFC.
Analysis of between-group differences in brain activity associated with the transition from Low Demand to High Demand revealed significant differences between CTRL and A-D as well as A-ND and A-D, but not CTRL and A-ND ( Figure 5 ; Table 3B ). Specifically, the increased activity in the left sPar of A-ND was significantly greater than sPAR activity observed in A-D. Additionally, there was a significantly larger decrease in mPFC activity observed in CTRL compared to A-D, indicating that the greater mPFC activity observed in A-D compared to CTRL from the typical 0-Back versus 2-Back analysis was at least partially driven by the significant hypoactive responses in ventral portions of mPFC in CTRL associated with the transition from 1-Back to 2-Back.
Discussion
Reduced working memory performance, as assessed by the N-Back task, has been demonstrated in individuals diagnosed with a range of mental health conditions, including alcohol dependence (Pitel et al., 2007; Pitel et al., 2009) . Consistent with those prior results, the present study revealed that individuals in the alcohol-dependent (A-D) group were less accurate on the 2-Back condition of the task than participants in the nondependent heavy drinker (A-ND) and control (CTRL) groups.
The majority of the neurophysiological changes (i.e., energy expenditure as reflected by oxygen utilization and detected with fMRI) observed in the current study are consistent with previous findings from studies that used neuroimaging techniques to determine the neural correlates of working memory. Typical within-group analyses comparing brain activity during the zero and high load conditions of the task (0-Back vs. 2-Back; see supplementary data 1 ) revealed that all three groups independently utilized brain regions previously demonstrated to be involved in attention and working memory processes, including the bilateral dorsal lateral prefrontal cortex (DLPFC), superior parietal cortex (sPar) and dorsal medial prefrontal cortex (dmPFC). All groups also independently displayed decreased activity in default-mode network brain areas, including portions of the medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC). That imposing task demands results in decreased activity in default-mode related brain areas and increased activity in attention and cognitive control brain areas is a finding consistent across neuroimaging studies using a variety of tasks to measure cognitive performance. Group comparisons of brain activity during the high working memory load condition (0-Back vs. 2-Back) revealed that A-D subjects had greater activity in both the mPFC and bilateral DLPFC compared to CTRL. Thus, A-D subjects displayed greater activity in portions of both default and attention/ cognitive control networks during high working memory demand, suggesting that their impaired task performance might be related to an inability to suppress mPFC activity despite compensatory increases in the DLPFC to meet greater task demand. However, a limitation of that analytic approach and subsequent interpretation is that the comparison of 0-Back to 2-Back also includes physiological changes attributable to the low demand condition of the task (1-Back). Therefore, to better understand the relationship between the increasing demand placed neurophysiological resources and its relationship to problematic drinking, we initiated a step-wise analysis examining changes in behavior and brain activity associated with transitioning to a Low Demand state (e.g., 0-Back to 1-Back) and further to a High Demand state (e.g., 1-Back to 2-Back).
The transition to Low Demand did not differentially impact task performance across groups, whereas the transition to High Demand resulted in impaired accuracy in A-D relative to CTRL. In general, the results from the within-group analyses were suggestive of greater overall functional engagement at earlier demand in heavy drinkers relative to controls (compare within-group images in Fig. 2B to Fig. 3B ). However, between-group comparisons only revealed significant differences in regional brain activity associated with the transition to the High Demand, which parallels the behavioral results. The results from those analyses indicated that A-ND had significantly greater activity in the sPar compared to A-D, and that mPFC activity was decreased to a greater degree in CTRL relative to A-D, during the transition to High Demand. The sPar is part of a dorsal processing stream that is related to attention and associated with performance on experimental tasks measuring various cognitive domains, including attention and memory (Kumfor et al., 2015; Rosen et al., 2015) . For example, the sPar was found to mediate visuospatial attention in a recent transcranial magnetic stimulation study (Wu et al., 2016) . The mPFC, on the other hand, is part of the default-mode network and decreased activity in that network is consistent with a shift to a more attention-focused brain state (Raichle and Snyder, 2007; Wang and Li, 2013 ). As noted above, a common interpretation is that activity in default-mode networks must decrease (Koshino et al., 2014) and/or desynchronize (Gao et al., 2013) as neurophysiological resources are reallocated to meet experimental task demands. Inability to deactivate or disengage the mPFC has been associated with lapses in attention (Weissman et al., 2006) and increased errors on executive functioning tasks (Li et al., 2007) , and damage to the mPFC was shown to impair performance on the N-Back task (Tsuchida and Fellows, 2009 ). Together, these data suggest that limited engagement of the sPar and an inability to fully disengage the mPFC might be responsible for the impaired task performance observed in A-D at High Demand. Further, these between-group mPFC findings during the transition to High Demand are in agreement with the more typical analysis results reported above and suggest that the greater mPFC responses in A-D vs. CTRL during high working memory load (0-Back vs. 2-Back) were driven at least in part by decreasing mPFC activity in CTRL associated with the transition from low (1-Back) to high (2-Back) demand (confirmed by the within-group results).
One limitation of the present study is that more detailed information about participants' drinking patterns, in particular the number of drinks consumed on the same occasion, was not collected at the time the study was conducted. Participants were assigned to the control versus heavy drinking groups according to AUDIT scores, with individuals who scored 4 or less on the AUDIT being considered controls and individuals who scored 8 or greater considered heavy drinkers. However, the current categorization of heavy drinking by the United States National Institute of Alcohol Abuse and Alcoholism and the Substance Abuse and Mental Services Health Administration (SAMHSA) relies on information about drinks consumed in a single occasion. More specifically, heavy drinking is defined as consuming 5 or more drinks on the same occasion on each of 5 or more days in the past 30 days (SAMHSA, 2014) . Notwithstanding, the World Health Organization has used the AUDIT as an assessment tool for defining alcohol consumption and therefore the current results may more readily translate to international assessments of alcohol consumption. Future studies will include updated SAMHSA criteria when establishing experimental groups and will also focus on how the observed effects may relate to long-term alcohol dependent heavy drinkers (e.g., > 20 years) as well as individuals who do not yet report heavy consumption, but who are at-risk for alcohol abuse due to positive family history of alcoholism (FH+). For example, evidence if FH+ subjects showed the same decreased activation patterns to the High Demand transition compared with FH-subjects, those results would suggest that the differential behavior and brain profile observed here is a precursor to heavy alcohol consumption rather than a consequence. Lastly, because the current study did not record brain activity during a resting state, group differences in default-mode network activity during the transition into task engagement (i.e., 0-Back) could not be determined. Future studies should include the acquisition of resting state data in the same scanning session in order to model a larger range of neurophysiological transitions.
Conclusion
In conclusion, the behavioral and brain changes observed in the current study suggest that working memory deficits in alcohol dependent individuals are associated with abnormal function of default and cognitive control brain networks in response to increasing task demands. These results further suggest that alcohol dependent individuals have less capacity for meeting the demand of increasing working memory loads. From a treatment standpoint, these results highlight two brain areas that could be targeted to improve clinical outcomes; namely, the mPFC (decreased response differentiating CTRL and A-D) and left sPar (increased response observed in A-ND but not A-D). One strategy is to enhance function in these areas through noninvasive brain stimulation or cognitive training combined with tasks known to engage them. For example, working memory training has been used to shift temporal discounting rates in cocaine users (Bickel et al., 2011) and it has been hypothesized that this training increases functional capacity in cognitive control networks . This approach might also be beneficial in alcohol dependent individuals, who have been shown to devalue future rewards (Bobova et al., 2009; Mitchell et al., 2005; Petry, 2001) . Functional enhancement of these target brain areas, resulting in the ability to meet larger external demand, may lead to more effective treatment outcomes in alcohol use disorder. The N-Back task, neurophysiological demand and different analytical approaches. (A) The three N-Back task conditions (0-, 1-and 2-Back) and their relationship to working memory (WM) load and the demand placed on neurophysiological resources. Demand is presented on the y-axis and task conditions are presented on the x-axis. During the 0-Back condition, neurophysiological demand is minimal as attention and match/mismatch responses are required but there is no WM load. During the 1-Back condition demand is increased to a low level as a low WM load is added to the task. During the 2-Back condition, demand is increased further to high level as a high WM load is added to the task. (B) A typical analytical approach isolates brain activity associated with high WM load by subtracting activity observed in the 0-Back condition from that observed in the 2-Back condition. This approach therefore includes neurophysiological signals also required for the low WM load condition. A transitional analytical approach examines step-wise increases in demand by isolating neurophysiological signals associated with the transition between increasing N-Back conditions (0-Back to 1-Back = transition to Low Demand; 1-Back to 2-Back = transition to High Demand: bolded and unique to the current study). Between-group differences in brain function associated with the transition to the High Demand state in controls (CTRL), heavy drinkers who were alcohol nondependent (A-ND) and heavy drinkers who were alcohol dependent (A-D). As demand increased from low to high (1-Back to 2-Back), A-D had significantly less activity in the ventral medial prefrontal cortex (vmPFC), compared to CTRL. A-ND had significantly greater activity in the superior parietal cortex (sPar), compared to A-D. Voxel-level probability thresholds were set to p<0.01 and corrected at the cluster level (FWE, p<0.05). Grouping, demographic, alcohol-and other cognitive-related variables (mean ± SD) in controls (CTRL; C), heavy drinkers who were alcoholnondependent (A-ND), and heavy drinkers who were alcohol-dependent (A-D).
Variables
CTRL (n = 11)
A-ND
(n = 11)
A-D (n = 13) Significant group differences p≤
Grouping Variables
AUDIT Score Table 2 Areas of significant increases and decreases in BOLD activity during N-Back performance as working memory (WM) load increased from 0-Back to 1-Back. Clusters were isolated within, and compared between, controls (CTRLS), heavy drinkers who were alcohol-nondependent (A-ND), and heavy drinkers who were alcohol-dependent (A-D). Table 3 Areas of additional significant increases and decreases in BOLD activity during N-Back performance as working memory (WM) load increased from 1-Back to 2-Back. Clusters were isolated within, and compared between, controls (CTRLS), heavy drinkers who were alcohol-nondependent (A-ND), and heavy drinkers who were alcohol-dependent (A-D). 
1-Back to 2-Back
